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Abstract. An intermediate complexity coupled ocean- 1 Introduction

atmosphere-land-ice model, based on the Geophysical Fluid

Dynamics Laboratory (GFDL) Flexible Modelling System The study and modelling of the coupled ocean-atmosphere
(FMS), has been developed to study mechanisms of ocearsystem at interannual and longer timescales leads us to a dif-
atmosphere interactions and natural climate variability atficult choice between working with a high-complexity model
interannual to interdecadal and longer time scales. The@r an idealised/analytical framework. Although both ap-
model uses the three-dimensional primitive equations forProaches are undoubtedly synergetic, one modelling philoso-
both ocean and atmosphere but is simplified from a “statePhy might be more useful depending on the questions one is
of the art” coupled model by using simplified atmospheric asking. The most realistic tools for the study of climate vari-
physics and parameterisation schemes. These simplificatior@Pility and change are state-of-the-art, “lPCC-class” coupled
provide considerable savings in computational expense andjeneral circulation models (CGCMs); however, these mod-
perhaps more importantly, allow mechanisms to be investi-€ls also carry a heavy computational burden and the identi-
gated more cleanly and thoroughly than with a more elabofication of a particular mechanism or cause-and-effect path-
rate model. For example, the model allows integrations ofway in the climate system becomes difficult to discern. At
several millennia as well as broad parameter studies. For th#1e other extreme, one may construct very idealised models
ocean, the model uses the free surface primitive equationtat allow for several century-long integrations and ensemble
Modular Ocean Model (MOM) and the GFDL/FMS sea-ice runs, permitting parameter dependency studies and tests with
model (SIS) is coupled to the oceanic grid. The atmospheridlifferent configurations. However, if the models are over-
component consists of the FMS B-grid moist primitive equa- Simplified their relevance to the real climate system becomes
tions atmospheric dynamical core with highly simplified at issue, for they may neglect crucial dynamics important to
physical parameterisations. A simple bucket model is im-coupled variability, so that care must be taken in their inter-
plemented for our idealised land following the GFDL/FMS pretation and use.

Land model. The model is supported within the standard So far, idealised coupled models have generally been lack-
MOM releases as one of its many test cases and the sourd8g a dynamical atmospheric component, focusing on cou-
code is thus freely available. Here we describe the modePling a fully-dynamical ocean to an atmosphere of differ-
components and present a climatology of coupled simulaent degree of simplification, from Energy Balance Mod-
tions achieved with two different geometrical configurations. els (EBM) to statistical-dynamical modelSdravanan and
Throughout the paper, we give a flavour of the potential forMcWilliams, 1993 1997 Fanning and Weaved 997 Ka-

this model to be a powerful tool for the climate modelling menkovich et al. 2000 2002 Kravtsov and Ghil 2004

community by mentioning a wide range of studies that areMontoya et al. 2009, or opting for a simplified phys-
currently being explored. ical framework as in Quasi-Geostrophic (QG) dynamics

(Kravtsov and Robertso2002 Hogg et al, 2003 Kravtsov
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Here, we propose a climate model of intermediate com-sembles the models presente®mith et al (2006 andMar-
plexity composed of dynamical ocean-atmosphere-ice comshall et al.(2007). Both configurations incorporate the eddy
ponents, which are simplified by using idealised and moreparameterisation of Gent-McWilliams (hereafter GBlent
economical physics packages and making simplifications irand McWilliams 199Q Griffies, 1998, which is believed to
the geometry of the configurations. A few similar models improve convection in coarse-resolution ocean models. A
exist, for example FORTESmith et al, 200§, FAMOUS constant value is used for the vertical diffusivity in the ocean,
(Smith et al, 2008, SPEEDO Hazeleger et 812003, EC- Ky, In order to clearly explore dependencies on this parame-
BILT (Opsteegh et 811998 and the aquaplanet model of ter. Idealised initial temperature and salinity conditions are
Marshall et al.(2007). However, our model and approach applied to the ocean at rest and the sea-ice model is coupled
differ from these in a couple of important respects. First,to the ocean.
the model presented here is directly derived from and re- The moist primitive equations atmospheric component
mains closely related to the IPCC-class GFDL coupled cli-employs simplified parameterisations of atmospheric pro-
mate model. Thus, in terms of a modelling hierarchy, it cesses followingrrierson(2005. Namely, i) the use of gray
makes a direct connection to a high-end mottald (2005 radiative transfer, ii) a large-scale condensation scheme, iii)
pointed out the need for model hierarchies to achieve a bettea simplified Betts-Miller convection scheme and iv) a simpli-
understanding of climate dynamics, and we strongly advo-fied Monin-Obukhov boundary layer scheme. These changes
cate this philosophy. Second, our model has physics that ifmply a considerable computational gain, retaining a good
even simpler than those above mentioned, so allowing us t@epresentation of the atmospheric climate at both tropical and
focus on dynamical mechanisms of variability. extra-tropical latitudesHrierson et al.2006. Moreover, the

The coupled model, called the Intermediate Complexity flexibility and simplification of the atmospheric physics have
Climate Model (ICCM), is a simplified version of the Geo- already been tested in a suite of different settings, from stud-
physical Fluid Dynamics Laboratory (GFDL) CM2.0, and is ies of extra-solar planetd/ftchell et al, 2006 to the use in
based on the Flexible Modelling System (FMtp://www. non-hydrostatic dynamical coreGérner et al.2007).
gfdl.noaa.gov/fm3/ Two geometrical versions are described  Finally, the land model is reduced to a single bucket land,
here (although the coupled model is in no means restrictedvith constant water availability and heat capacity, and a sim-
to these): a sector, dtlantic, and a global, oAquaworld, ple redistribution of precipitated water back into the ocean.
configuration. The model components and new parameterisations retain the

In the first case our ocean component is that of a sing|eoriginal modularity, in order to allow the coupled model to
ocean basin (Atlantic-like) with an Antarctic Circumpolar recover complexity in any of its parts.

Current simulated by cyclic open boundary conditions. The It should be emphasised at this point that the objectives of
most striking simplification of our model’Atlantic config-  this modelling initiative are not those of reproducing an ac-
uration is in its geometry; we decided to focus on basin-curate climate in all its details, but rather to test some mech-
scale ocean-atmosphere interactions and therefore opted fanisms in the coupled ocean-atmosphere system and try to
a sector model, in which the ocean is represented by a sindnderstand the relative role of its different components. The
gle basin and the atmosphere above it is a®Jttor. This speed and idealised physics of the dynamical components of
has some similarities with the QG framework proposed bylCCM make it suitable for long integrations in an attempt to
Hogg et al.(2003 and the modelling strategy &aravanan elucidate some of the basic phenomena involved in air-sea
and McWilliams(1995 1997, where a 2-D zonally averaged interactions. In fact, a wide range of geometrical and param-
ocean sector model is used together with a dynamical ideeter space settings are presently being used to investigate a
alised atmosphere. Several experiments have been performedriety of problems: the decadal variability of the meridional
with this configuration in which the geometry (e.g., closed overturning circulation (MOC) and its link to intrinsic modes
Drake Passage, wider or shallower ocean basin) or a paranof atmospheric variability (e.g., the North Atlantic Oscilla-
eter/parameterisation was altered (e.g., laplacian horizontdion), the partitioning of the heat transports in the ocean and
diffusivity scheme for tracers, oceanic vertical diffusivity, at- atmosphere, Atlantic equatorial variability, Earth’s climate
mospheric moisture content, solar radiation and rotation ratepensitivity and the biogeochemical response to ocean circu-
and they are the subject of separate studies. The second colation variability and changes.
figuration, Aquaworld is that of a 360 atmosphere overly-
ing a dynamic ocean where no continents are present and
only polar islands of 10in latitude are included due to the 2 The model formulation
sea-ice model necessity of a land grid point. This set-up re-

2.1 The ocean component

Iwe intentionally make a distinction between “Aquaplanet”, that ] ]
in the atmospheric literature refers to an atmospheric model overly-The ocean Compo_ne_n_t of ICCMpl is the 4pl version of
ing a mixed-layer ocean with no continents, aglaworld where  the free surface primitive equations Modular Ocean Model

a dynamic ocean is present. MOM (Griffies et al, 2004 2005. The oceanic physics is
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unchqnggd from Fhe standard MOM model, and the Mallraple 1. Ocean, atmosphere and land main parameters for the

modifications are in the general geometry and geography ofonro| experiment. Diffusivity and viscosity values are given in

the ocean component. m2s~1. The vertical diffusivityx, parameter will be changed in
The horizontal transport of tracers is parameterised by thehe Kv-Experiments. When GM is used the horizontal diffusivity

GM type of eddy parameterisation and an along isopycnalk, is set to zero.

diffusion of tracers Griffies, 1998. The mixing of tracers

is accomplished by a constant vertical diffusiuity; with no Parameter Value Description

background horizontal diffusion except in the upper mixed

layer. W ted for a vertically and latitudinally uniform Ocean
ye € op Yy y 1o

o L7 . ., 24 N of levels
coefficient for ease of analysis, interpretation and sensitiv- , - 2420 Horizontal grid spacing
ity tests. Similarly, constant horizontal,, and verticaly,, O, ¢) 60°x140  Domain size
momentum viscosities are used. o 0.33 Ocean albedo

Within the same grid, the full GFDL dynamic- o 0.45 Ice albedo
thermodynamic sea-ice modé&Vinton, 2000 is coupled to K 0.8x103 Horizontal diffusivity
the ocean. Because of reasons stated below in the descrip- ; 0.8x10° Isopycnal diffusivity
tion of the atmospheric model, the ocean albedo was set to 0.8x10° Thickness diffusivity
a high, but consistent with radiative fluxes, constant value of 1x10° Horizontal viscosity
0.33. Idealised initial conditions for temperature and salinity 0.5x10~%  Vertical diffusivity
were applied to the ocean at rest and the model was spun-up v, 1x10-3 Vertical viscosity
for several millennia. The model is now part of the GFDL

. . Atmosphere
FMS repository and will be thus supported and developed 1a 7 N° of levels
for future releases; ICCMp1 can be freely obtained witheach  , . 375 x3° Horizontal grid spacing
standard release of the ocean model MOM. O, b) 120°x168 Domain size

: Fso! 1360 Solar Flux [W m? ]

2.2 The atmospheric component Aol 12 Solar Gradient
Most coupled models of intermediate complexity have fo- Land
cused on rather overly-simplified atmospheric models, gen- o 0.45 Land albedo
erally consisting of an energy balance atmosphere with spec- Cf,, 1x10° Soil Heat capacity [J K'm—2]

ified fluxes of heat, moisture and momentum, or a two-
dimensional zonally averaged statistical-dynamical atmo-

sphere (see for exampleanning and Weaverl997 Ka- However, the benchmark configuration is the one cho-
menkovich et al.2000h 2002 Montoya et al.2009. sen to reproduce the observed annual and zonal mean
Here, we opt for a fully dynamical moist atmospheric top of the atmosphere (TOA) net shortwave flux, and in

model, in which the simplifications comes from the physics that case the solar flux is given by
formulation. Simplified physical parameterisatiortsi¢r-

son 2005 Frierson et al.2006 2007 Frierson 2007) have sol _ Rsol (1—3u?

. L X F = — 110+ Agg———— ¢, (1)
been adapted to the GFDL moist primitive equations model 4 4
using the B-grid atmospheric dynamical cofehé GFDL . .
Global Atmospheric Model Development Teag005, re- whereRso is the global mean solar fluxyso the merid-
sulting in an extremely computationally efficient model. A ional solar gradient and is sine-latitude (see Tablg.
similar line of thought is present in the Speedy model of For simplicity we also neglect solar absorption in the
Molteni (2003, where a spectral model is used with sim- atmosphere, and we thus rely on surface albedo to rep-

plified physical parameterisations; however, we believe our ~ resent the total planetary albedo.

choice of using the GFDL dynamical core is more consis- 2. A large-scale condensation (LSC) scheme is used in

tent with an idea of modularity, in order to allow the coupled conjunction with a simplified Betts-Miller (SBM) con-

model to recover complexity in any of its parts if needed and, vection schemeRetts 1986 Betts and Miller 1986

ideally, be compared to the f_L!" GFDL_CMZ'l, couple'd model Humidity and temperature are adjusted where large-

(Delworth et al, 2006 variability and air-sea interactions. scale saturation occurs and precipitation falls out im-
The simplified atmospheric model presents the following mediately in its liquid phase only; the SBM convec-

key parameterisations: tion scheme relax temperature and humidity to a spec-
1. For infra-red radiative transfer, a grey radiation scheme ified post-convective reference profilErierson(2007)

is used with fluxes that are a function only of temper- shows that the inclusion of the SBM scheme provides
ature, and not water vapour or cloudiness. Both a sea-  and overall stabilizing influence over the Tropics, with
sonal and diurnal cycle can be switched on in the model. a greater poleward energy transport by the mean flow, a
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v_veal_<er mass transport by the Hadley cells an_d a r(Educ"rable 2. New and modified modules in the B-grid atmospheric
tion in the dependency on horizontal resolution. Wa- component.

ter vapour itself is a prognostic variable, but there is no
liquid water or clouds: liquid water substance all falls
to the surface as rain immediately upon condensation,

New modules:
/atmosparam/bettsniller/

which occurs at saturation and with a corresponding Jatmosparam/greyradiation/
adjustment of temperature, preserving energyefson fatmosparam/Iscalecond/
etal, 2006. /atmosparam/moisiconv/

/atmosparam/diffusivity/

3. A simplified Monin-Obukhov similarity theory for the
computation of surface fluxes and a boundary layer
scheme linked to the drag coefficients calculation was
implemented in order to mediate the boundary layer
fluxes in the model.

Modified modules:
/atmosbgrid/tools/bgridcold_start.F90
/atmosparam/moistprocesses/moigirocesses.F90
/atmosparam/moninobukhov/moninobukhov.F90/
/atmosparam/physicgriver/physicsdriver.F90
latmosparam/vertdiff_driver/vertdiff _driver.F90

At present, the model does not incorporate trace gases /atmosparam/vertturb_driver/vertturb_driver.F90

nor clouds, making it unsuitable for climate change stud- /shared/constants/constants.F90
ies. However, we envisage in the near future the inclusion /shared/savapor pres.F90
of an improved radiation scheme similar to the one devel- Ishared/satapor presk.F90

oped inMolteni (2003. For a more detailed description of
the physical parametrizations we refer the readéirierson

(2009 (available at: www.atmos.washington.edwargan/ pled to a sector atmosphere: thantic configuration. Sec-

papers/thesis.piif We would like to stress at this point that tor coupled models can be very useful in identifying basin-

all model qu!flcatlor_]s have bgen |mplemente‘fj ina modul'arscale processes, air-sea interactions and dynamical responses
way, that is, it is possible to switch back to the “full-physics

Vo . . . to local and remote perturbations in the climate system. The
parameterisations with a simple namelist change. Module

i . %ind of idealised model presented here should be used as a
that h_ave been mo_dn‘led_ or added to the FMS B-grid atmo'tool for testing simple theoretical arguments or complicated
spheric model are listed in Tahke

responses emerging from CGCMs. The main advantage is
the presence of a fully dynamical and interactive atmosphere,
which can mediate air-sea fluxes without the need for arti-

The GFDL Land model (LM2.0Milly and Shmakin 2002 ficial restorings or applied forcings, and the possibility of
is implemented as a single “bucket” soil water reservoir. Lig- Prforming millennia integrations in a variety of parameter
uid water capacity of each land cell is gathered into a singleSPaces. Within this configuration we have performed a series
soil water reservoir, and constant values of water availabil-°f Multiple millennial coupled experiments in which we vary
ity, heat capacity, roughness and drag coefficients are useg2Me geometrical factor or parameter in order to study the
Rain can accumulate in the soil to a maximum prescribeddiference in the resulting climate, both its steady-state and
soil moisture content (i.e., water availability). When precip- Variability. These experiments are listed in TaBle

itation exceeds the prescribed water capacity, a very simple The constant vertical diffusivity in the ocean is set to
basin map collects the precipitated water and idealised river§»=0.-5x10""m"s~=. This value is somewhat larger than
redistribute the water back into the ocean at the nearest pointhat observed in the main thermocline but smaller values of
The advantages of such bucket land are the closure of thdiffusivity led to a meridional overturning circulation that
water budget compared to a swamp and the simplification ofv@S weaker than observed (see Figbut read below for
land/sea effects on the precipitation-minus-evaporation flux2 discussion on this), possibly because the real thermohaline
On the other hand, in some places — notably the equatoria‘F'rCUlat'O” depends on locally large vglues of d|ffu5|v¢y (for
regions — the land reaches high temperatures, which muggx@mple over rough topography, and in coastal margins e.g.,
be damped by an artificially high constant albedo (0.45).S@melson1998. Moreover, to test the role of vertical diffu-
Presently there is no orography in the model and glaciers ar&lvity in our model and its sensitivity, we performed several

not allowed to form, as all precipitated water stays in its lig- €XPeriments where, is modified towards both higher and
uid form. lower values (for a review on the subject $aghlbrodt et al.

(2007). The isopycnal or Redi diffusivityx) and isopycnal

thickness diffusivity &, skew-flux advection of tracers by
3 The Atlantic configuration eddies) are both set to 0c80° m?s~1 in the ocean interior.

(In atwin experiment, the use of Laplacian diffusivity instead
We will firstly present the climate of our most tested and usedof the GM parameterisation resulted in qualitatively compa-
configuration, where the focus is on a single basin ocean courable results.) Constant horizonta},, and vertical y,, mo-

2.3 The land component

Geosci. Model Dev., 2, 788, 2009 www.geosci-model-dev.net/2/73/2009/


www.atmos.washington.edu/~dargan/papers/thesis.pdf
www.atmos.washington.edu/~dargan/papers/thesis.pdf

R. Farneti and G. K. Vallis: Intermediate Complexity Climate Model ICCMp1 77

Table 3. Different configurations tested for the secfdlantic simu-
lation. For each experiment, we state in the column “Specifications”

only the differences with the Control experiment CTL. (Kv: verti-
cal diffusivity (m?s1); GM: Gent-McWilliams; HD: Horizontal
Diffusion; DP: Drake Passage; NDP: no Drake Passage.)

Name Yrs  Specifications

Kv005 1000 Kv=0.05e-4

Kv01l 1000 Kv=0.le-4

Kv025 500 Kv=0.25e-4

Kv05 (CTL) 2000 Kv=0.5e-4; GM, DP

Kvl 500 Kv=1.0e-4

Kv2 500 Kv=2.0e-4

Kv5 500 Kv=5.0e-4

X2 1000 2xwide Ocean

NDP 1000 no Drake Passage

HD 1000 Laplacian Diffusivity

Nowall 500 No meridional walls

Fig. 1. The oceanic and atmospheric grid in tA#antic experi-
ment: the ocean basin sits in the centre of the atmospheric sectotp the ocean and land components through the GFDL FMS
spanning 60 in longitude and from 70S to 70 N. A cyclic chan-  exchange grid. The resolution is equivalent to the GFDL
nel extends from 65S to ST S. The atmosphere is 12@vide with  M30, corresponding to a nominal horizontal resolution of
solid meridional walls at 82S and 84 N. 3.7 x3°, and 7 uneven levels in the vertical.
The geometrical effects have been studied with four ma-

) . 3.2 1 jor modifications: the closing of the Drake Passage (NDP),
mentum viscosities are set toc10° and Ix10°m"s™, re- e widening of the oceanic basin (X2), shallowing the basin
spectively. These are somewhat higher than might be idealye i (H) and the removal of the zonal walls rendering the
but are necessary in low resolution models to smooth out Ungaan pasin a re-entrant channel (NoWall). The oceanic pa-
physical noisekanning and Weavel997). See Table for 4 neters that have been explored are the vertical diffusivity
a complete list of oceanic parameters. ForMlanticcase, . and the parameterisation of horizontal diffusivity (Gent
we configure the model into a single ocean basin of similarynq Mewilliams (GM) vs. Laplacian horizontal diffusivity
dimensions to the Atlantic Ocean, with a re-entrant southerrtHD))_ Here we mainly restrict our attention to the Control
channel near the southern boundary representing the Antarc(CTL) solutions, as the main focus of the present paper is
tic Circumpolar Current. In Fidl, the ocean domainisfilled  op the description of a base integration. Furthermore, we
by the grey area together with its actual grid. The ocean doyegted the climatic response to variations of some fundamen-
main is 60 wide and has a latitudinal extension fronP®t0 5] parameters of the climate system such as the moisture
70° N. The horizontal resolution is constant and has a noM-cqnent in the atmosphere, the meridional gradient of the in-
inal value of 2.0; the vertical discretization consists of 24 ¢ijent solar flux and the Earth’s rotation rate. Various numer-
levels of increasing thickness towards the bottom, which hage4| experiments and analyses on the climate variability, en-
adepth of 4000 m and is flat throughout the domain, exceptinyyqy transport in the coupled system and their dependence on
the model Drake Passage, which is ¥de between 655 ceanic, atmospheric and planetary parameters and dimen-
and 5T S and has a reduced depth of 2500 m. No-slip condi-sjons will be presented elsewhere. The archived data files
tions at the lateral walls and a drag at the bottom are enforced 4 analyses from all of the above mentioned sensitivity in-

for horizontal velocities. Cyclic boundary conditions exist in tegrations can be made available to the interested reader.
the open channel area.

Since our aim is to study ocean-atmosphere interaction€oupling procedure
at the basin scale on interannual to centennial time scales,
the atmospheric model was configured to run as a zonally reThe different model components are run simultaneously
entrant sector with solid meridional walls. Hence, we havefrom their initial conditions. The ocean-ice and atmospheric
excluded possible inter-basin teleconnections. The resultingnodules have a 3h and 1 h time step respectively, while di-
geometrical configuration is that of a spherical sector modekect coupling occurs daily without any flux adjustment. Time
with no poles. The sector atmospheric B-grid is periodic andsteps, both in the ocean and atmosphere, are functions of res-
120 wide. Like the ocean component, it has full spherical olution and physical packages, and thus may vary accord-
geometry and the same radius as the Earth and was coupledgly to the experimental set-up. The surface fluxes of heat,
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VYind stress‘ over the ?cean ‘ A) PME [mm/day]
o 60—l
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Fig. 2. The wind stress over the ocean for the ICCMp1 model (red — n
line, Atlantic case) and the GFDL CM2.1 (heavy black line). The % | B
other two curves are observational data sets. The major deficien- .o | L
cies are a too small difference between the Northern and Southern - =
Hemisphere midlatitude jets, and the equatorward position of the 2% | B
Soutehern midlatitude jet. o L

-20. — —

moisture and momentum are plotted in Fig@sand 3, and _40. - »
a list of the main parameters is given in Talile The IC- N -
CMp1 momentum, heat and freshwater fluxes compare rea- ~%7 L
sonably well with those generated by the present-day GFDL -so. T R e S E B B o o R B
CM2.1 simulation and some reanalysis datasets over the At- 607 40T 0% 0 JOPN 4D BOTN
lantic region (Figs2 and3). The main deviation is found Fig. 3. Precipitation-minus-evaporation (PME, top) and surface to-
in the momentum flux, which is too weak and equatorwardst@! heat flux (SHF, bottom) comparison between &ttantic IC-
in the Southern Hemisphere, although this has been a longMP1 model (blue line) and the CM2.1 (black line) over the At-
standing problem for many atmospheric models in the past. ntic ocean.

With the Atlantic configuration and resolution, the atmo- femperature ]
sphere, although highly idealised, takes around 6 times more
CPU time than the ocean. Besides being a limitation, this ="
also means that refining the oceanic resolution, or even the <
addition of a second basin, does not slow down the cou- ~
pled model integration significantly (as we will see later).
Presently, the model is capable of performing 15 model years
per wallclock hour on 32 processors.

3000 ]
0
Latitude

Salinity [psu]

3.1 Mean climate

__ 1000

3.1.1 The ocean

2000

Depth [m

The ocean basin resembles the Atlantic ocean in its geometry
and we thus find a roughly similar circulation, exceptin so far 60 s 2 0
as the presence of other ocean basins influence the C|rculat|q5|g_ 4. Zonal mean potential temperature and salinity for e

of the Atlantic. _ lantic Control case in which, is set to 0.510~4 [m2s~1]. Max-

The time-mean zonal-mean potential temperature angmum surface temperature and salinity reacR@@nd 36 psu, re-
salinity are shown in Figd. Cold and relatively fresh waters spectively. In the South, cold fresh water flows downward and to-
are subducted in the Southern Hemisphere close to the rewards the centre of the basin reminiscent of the AABW; however,
entrant channel mimicking the Drake Passage. A reasonablthe model does not create an Atlantic Intermediate water tongue.
realistic, albeit overly diffusive, thermocline is maintained

20N 40N 60N
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Fig. 5. Sea surface temperature (SST), salinity (SSS), heat flux (HF), 100-m-averaged mean oceanic currents and sea-ice thickness in the
Atlantic experiment. The contour interval iSQ for temperature, 0.25 psu for salinity and 10 W#rfor the surface heat flux and 0.1 m for
sea-ice; a reference velocity arrow is given at the top of the fourth panel for velocity reference.

and subtropical maxima in salinity are present. Experimentpresence of a strong re-entrant flow in the area of the Drake
with different values ofc, vary substantially in their depth Passage. Velocities at mid-depth reveal a north-eastward
of the thermocline and abyssal stratification, with CTL being flow converging towards the northern boundary. Here the
the closest to real Atlantic conditions. advected water loses heat to the atmosphere and deep con-
Many aspects of the mean state oceanic conditions caiMection takes place. Finally, the deep-water formed at high
be interpreted from the panels of Fi§. an equatorial cold latitudes recirculates westward and equatorward via a deep
tongue is present, sea-ice concentration is asymmetric bevestern boundary current visible at greater depths @)ig.
tween the poles, surface salinity has two major salty limbs inThe presence of an Antarctic Circumpolar Current also af-
the subtropics and region of freshwater river discharge ardects the presence of sea-ice in the model, with asymmetrical
visible. Finally the ocean gains heat in the equatorial re-conditions in the ice concentration resulting in a higher area
gion (positive flux is into the ocean) and loses heat to thecoverage in the Southern Hemisphere. Here, deep water for-
atmosphere at the poles and in the western boundary currefi@ation occurs in an analogy of the Antarctic Bottom Water
areas. The surface circulation presents a subtropical and @\ABW) generating a cell confined to the southern boundary
subpolar gyre in the Northern Hemisphere while only a sub-and an abyssal anti-clockwise branch of the MOC reaches the
tropical gyre exists in the Southern Hemisphere due to thehorthern subtropics peaking at about 5 Sv (£$0°kgs*
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>

Fig. 6. Surface, mid-depth and deep horizontal circulation. The red arrows are schematics of the main circulation patterns at different depths:
a strong subtropical gyre at the surface; then a western boundary current and northeastward flow at 400 m converging in the northeasterr
corner of the basin where it is associated with deep convection; and finally, at 2000 m, a southward deep western boundary current and
divergent flow in the northeastern boundary.

Kv=0.05 Kv=0.1 of mass transport) for the CTL case. This is shown in Fig.
' where the time mean residual meridional overturning circula-
tion (MOC) is shown in physical space for some of the cou-
pled experiments. In the Northern Hemisphere, both buoy-
- — ancy forcing and mechanical energy produce a reasonably re-
60S 40S 20S 0 20N 40N 60N 60S 40S 20S 0 20N 40N 60N . . . . . .
alistic overturning circulation of12 Sv extending to a depth

CTL(Kv = 0.5)

- of 2500 m.

Figure7 also clearly shows the dependency of the MOC on
the background vertical diffusivity, both in its spatial struc-
ture and magnitude. The northern branch is vanishing for

Depth [m]
g 8 2
8 8 8
Depth [m]
8 B8 3
8 8 8

60S 40S 20 0 20N 4ON 60N lower values ofc,, while a more symmetrical circulation de-
Kv =1 Kv=2 velops with increasing vertical diffusivity due to a stronger
E 1000 15 Q 'E 1000 southern cell. The wind-driven asymmetry generated by the
£ oo S = opening of the Drake passage will eventually become of sec-
§ o0 3 § o0 ond order importance in a diffusively-dominated circulation.
Shallow tropical wind-driven cells disappear for sufficiently
60S 40S 20S 0 20N 40N 60N 60S 40S 20S 0 20N 40N 60N .
oos o strong values of,,. _As expected, with the closgre of the
NE— Drake passage the circulation becomes symmetric around the
E. 1000 E. 1000 :’ 15 a equator.
£ 2000 £ 2000(fi| | s 70 The total time mean energy transport in the ocean is ap-
8 a000 3 3000/ 194 i proximated by

60S 40S 20S 0 20N 40N 60N

®° ~ p,CY / v6 dxdz, 2

wherepocg is the volumetric specific heat of the ocean,

, the meridional velocity and the potential temperature.

603 408 203 0 20N 40N 6ON 605 405 205 0 20N 40N 6N Following earlier studies (e.¢ranning and Weavet 997,
Latitude Latitude Kamenkovich et a). 20003, the stationary total oceanic

Fig. 7. The time-mean residual meridional overturning circulation mer!dlonal energy transport can be decomposed Into an over-

in Sverdrups (S10° m3/s) in the different coupled experiments turning and gyre eomponent. ) Denoting a zonal average by

for different values of vertical diffusivity (Kv, in<10~4 m2s~1),  [u]and the deviation from it with an asterigk, we get:

basin width (X2, two times wider), no Drake Passage (NDP, closed

basin) and Laplacian horizontal diffusivity (HD, same parameter

value as in GM).

Depth [m]
g8 8 3
8 8 8
Depth [m]
8 8 3
8 8 8
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Fig. 8. Meridional oceanic heat transport for all different experiments. Top: total transport including neutral physics. Bottom: advection
(heavy lines) and diffusive (light lines) components.
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whereL is the width of the basin# its total depth and the
surface elevation.

A qualitative crude comparison of the energy transports
in the model and observations will be given later on (see
Sect.3.1.2; here we focus on the oceanic component and
its dependency on different parameters. The oceanic energyig. 9. Meridional oceanic heat transport for the Control (CTL)
transport and its decomposition into advective and diffusivecase £,=0.5x10~4). Advection (black), Overturning (blue) and
parts, as well as the overturning and gyre contributions areSyre (red) component.
shown in Figs8 and9, respectively. In experiments where
Ky is varied (right panels of Fig8) we clearly see that the
more diffusive the ocean, the more symmetric around thewhere it has an indirect effect by flattening the isopycnals. In
equator the heat flux becomes, consistent with the overturnthe NoWall experiment (where the meridional walls are re-
ing circulation behaviour. Also, the diffusive transport (thin moved and replaced with zonally cyclic conditions) the clas-
lines in the bottom panels of Fi@) plays a negligible role sical gyre circulation, with a Sverdrup interior and western
in all simulations except in the vicinity of the Drake passage,boundary currents, is completely removed. The meridional

-0.

. . . . . .
60S 408 208 0 20N 40N 60N
Latitude
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Fig. 10. Zonal mean atmospheric potential temperatareonal windU, humidity g and mass streamfunctiahy, in the sector atmosphere.

The jet is stronger in the Southern Hemisphere and projects onto stronger surface westerlies; the southern Hadley cell is also stronger an
penetrates across the equator. From the depth of the Ferrel cells we can see that the planetary boundary layer is very deep due to relative tc
warm land over half of the domain. Note that there is no seasonal cycle in the model.

heat transfer is driven by the deep overturning circulation,hemispheric asymmetry, with stronger surface westerlies and
the Ekman transport and associated shallow cell at low latiHower values of humidity in the Southern Hemisphere due to
tudes, and by mesoscale eddies, which are parameterised more sea-ice there. The westerly jets at mid-latitudes are the
our integrations. While in the CTL case the mesoscale eddyegions of maxima in the eddy kinetic energy correspond-
parameterisation (the GM term) makes almost no direct coning to our “storm tracks” and downstream eddy momentum
tribution to the energy transport, in the case with no merid-fluxes (see Figl2). The atmospheric circulation possesses
ional walls the isopycnals are almost vertical and the GMa Hadley cell with a maximum mass transport of 150 Sy,
contribution is large, consistent with the resultsvdirshall ~ weaker Ferrel cells of about 20 Sv and some poorly resolved
et al.(2007) (see also later for oukquaworldconfiguration).  polar cells.

Finally, for all experiments the meridional energy trans- Because the atmospheric sector is a third of the Earth and
port is dominated by the overturning component ().  the ocean only has one basin of Atlantic dimensions we ex-
while the gyre component is significant only at high latitudes pect the magnitude of the energy transport in both fluids to be
or in the Southern Hemisphere, where the heat flux is reladifferent accordingly. In Figll we look at the mean merid-

tively small. ional energy transports in the model and find that the plan-
etary heat transport (PHT) is close to a third of the lower
3.1.2 The atmosphere bound found in reanalyses estimat&sepiberth and Cargn

200)); the partition between the atmospheric (AHT) and

As we have noted in Sect. 2, the main simplifications in theoceanic (OHT) heat transports also follows the previous re-
ocean model are geometrical while the atmospheric compolationship and the small basin has to carry the burden of all
nent has important idealisations and omissions in its physicapoleward oceanic heat transport. Unlike the coarse ocean
processes, and we therefore might expect a greater deviationhere mesoscale eddies are parameterised, the atmosphere
from the climatology of a state-of-the-art atmospheric model.resolves the baroclinic eddies that drive most of the energy
Nonetheless, we do find a qualitatively and, in some aspectdransfer. The time-mean zonally averaged energy transport
quantitatively realistic atmospheric circulation. in the atmosphere is given by

The zonal mean atmosphere is summarised in E@d.
where potential temperature, zonal winds, humidity and mass
stream function are plotted. The model exhibits a fairly real-
istic pattern from low to high latitudes with somewhat weak

Geosci. Model Dev., 2, 788, 2009 www.geosci-model-dev.net/2/73/2009/



R. Farneti and G. K. Vallis: Intermediate Complexity Climate Model ICCMp1 83

1.5

PHT

¢ = /(c;T + gz + Lq)v/g dpdr, (4)

wherev is the meridional component of the total velocity,
Cj, is the specific heat capacity of the atmosphérés tem-
perature,gz the geopotential height, is the latent heat of
condensation and is the specific humidity. From Fidl1
we see how the dry static energy (DSE/ +gz) compen-
sates the equatorward latent transport of moisture {(Lgg=

in the Hadley cell region and the latitude of maximum total
flux (PHT in Fig.11) is about 37 degrees, consistent with ob-
servationsTrenberth and Cargi2001). A primary deviation 5L -
from observational estimates is in the ratio between DSE and 808 408 0 40N 80N

LE in the present configuration, which is about twice as much Latitude
as in the observations dfenberth and Stepanigk003, and
is mostly due to lower humidity contents over land and the 15

high land fraction throughout the domain.

Overall, with the given differential solar heating, the ide-
alised coupled model is capable of reproducing a fairly re-
alistic climate in both the ocean and atmosphere, given the
caveats appropriate for a simplified model. The model's ide- __
alisations keep the system simple enough as to highlight theZ
main mechanisms of interaction between the ocean and at™
mosphere at interannual and longer time scales, but at the
same time do not oversimplify to the point of unrealism.

3.1.3 Sea-ice
The sea-ice climatology is, as expected, asymmetric around 1% 405 0 20N 80N
the equator because of the presence of the Drake Passage and Latitude

the resulting meridional heat flux in the ocean. As in real

Atlantic ocean conditions, more sea-ice is generated downFig. 11. Top panel: planetary (PHT), atmospheric (AHT) and
stream the Antarctic peninsula (represented here by the wabceanic (OHT) heat transport for the sectlantic model. Lower
on the South West corner of the domain) extending all thepanel: AHT or moist static energy (MSE3T + gz+Lyg), dry
way to the eastern end of the Atlantic Ocean. In the North-static energy (DSEE€,T+¢z) and latent energy (LEE,¢) in the
ern Hemisphere, sea-ice is concentrated in the North West TL simulation.

corner, possibly because of the cold continental air flowing

easterly and the effect of the subpolar gyre advecting warm heAtlanti ) | ical diff .
water to the North eastern corner of the ocean basin Brig. © theAtlanticexperiment, only geometrical differences exist
right panel). in the case of th&quaworldmodel, and all other parameters

and model characteristics have remained constant. Also, the
model is now roughly only three times slower, as most of the
4 The Aquaworld configuration CPU time is taken up by the atmosphere.

A flavour of the Aquaworldclimate a few centuries into
The ICCMpl is not restricted to a sector configuration, andthe spin-up phase is shown in Figs. 13—16. We can identify
the natural generalization is that of a “full-Earth” geome- a strong equatorial upwelling in the ocean, giving rise to a
try (called hereAquaworld, where a spherical atmosphere global temperature cold tongue as well as saline mid-latitude
is exchanging freshwater, heat and momentum fluxes withtongues (Figl3). Polar temperatures are very cold and sea-
an Earth that is totally covered by water with the only ex- ice reaches down to about®id latitude (Fig.14). The zonal
ception of two polar caps that are necessary for the sea-iceinds drive strong zonal currents in the ocean that are ulti-
model. The coupled model now resembles the configurationsnately dissipated by bottom stress. Although the model is
of Smith et al.(2006 and Marshall et al.(2007), the only  not fully spun-up there is no indication of a deep meridional
other modelling initiatives where a dynamical atmosphere iscirculation at the poles. In the absence of meridional walls,
coupled to a dynamic ocean with no continents. With respecthe zonally averaged zonal pressure gradient is zero and there
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Fig. 12. Eddy Kinetic Energy (EKE), Eddy momentum flux (EMF) and Eddy heat flux (EHF) at 250 hPa fétldmgic CTL experiment.

The dotted squared box represents the ocean basin.
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Fig. 13. Some oceanic fields during spin-up of thguaworldexperiment. From top left: sea surface temperature (SST), sea surface salinity
(SSS), sea-ice thickness (HI) in meters, zonal wind stress (Taux) iT4 precipitation minus evaporation (PmE) in mm d&yand the
total surface heat flux (SHF) in Wn#. The polar islands can be seen in some of the plots.

can be no zonally-averaged geostrophic flow in the interior.energy transport is partitioned between the two fluids in the
Any net meridional Ekman transport at the surface cannotAquaworld model is illustrated in Figl6. Basic features

be returned in the ocean interior and all the cells return inare the symmetry of the transport around the equator, the
a bottom boundary layer; hence, there is no hemispherictarger transport accomplished by the ocean at very low lat-
scale meridional overturning circulation in the ocean (notitudes and the dominance of the atmosphere at mid and high
shown). Whilst the oceanic resolution is too coarse to re-atitudes. As in theéAtlantic experiment with no meridional
solve the small oceanic Rossby radii (hence mesoscale prawalls (NoWall), the eddy-induced (bolus) transport opposes
cesses have to be parameterised) the radius of deformatiche eulerian transport giving rise to a total transport that is
in the atmosphere is much larger and so synoptic scale sygpolewards at all latitudes.

tems arise naturally. To demonstrate this, some daily snap- The similarities with the Earth’s present climate are ev-
shots are given in Figl5, where rich structures are clearly ident, in both magnitude and patterns, and this was also
visible, especially in the mid-latitudes. How the meridional noted byEnderton and Marsha{R009 with similar exper-
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Fig. 14. Zonal mean atmospheric and oceanic structure during spin-up dhdhaworldexperiment. In the top panels are the atmo-
spheric potential temperature (CI=2%) and relative humidity (Cl=1 g/Kg) while the bottom panels show the oceanic potential temperature
(Cl=2°C) and salinity (CI=0.5 psu).

iments. Hence thé\quaworld model is a useful tool for pared to a full CGCM the model is idealised and fast, but it
studies of the partition and sensitivity of the heat transportis nevertheless based on the full, three-dimensional primitive
in both the atmosphere and ocean subject to different perequations of motion in both fluids. The model’s principal
turbations. The model is totally flexible to changes in its simplifications come from its geometry and its austere at-
basic geometrical configuration and sets of parameters anthospheric physical parameterisations. The ICCMpl model
parameterisations; the two experiments presented in this pds able to perform multiple millennial integrations, making
per should be regarded as mere examples of many possibke parameter study feasible at those periods. The idealised
configurations. For example, the ocean circulation can be reatmospheric physics based on the workFoierson(2005
stricted by the incorporation of one or more walls that would was introduced in a modular way into the GFDL B-grid at-
block the flow and set-up a gyre circulation and westernmospheric dynamical core, and it is thus possible to recover
boundary currents, giving rise to many different climatic re- the state-of-the-art parameterisations with a simple namelist
sponses. Although these experiments might seem extremelghange. Changes in the ocean, sea-ice and land components
idealised, they not only give much insight into the dynamicsare either geometrical or make use of the simplest (and com-
of ocean-atmosphere interactions for the climate of the Eartlputationally efficient) configuration available. The model is
in present day conditiondMarshall et al. 2007 but also  now supported within the standard MOM releases as one of
serve as a useful test for paleoclimate circulations, biogeoits many test cases. Access to the Fortran code is freely avail-
chemical processes and dependencies on geometrical factoable and all input files and archived data can be made avail-
on both circulations and air-sea exchanges. Some of thesable upon request. We expect the coupled model to evolve in
ideas are presently been applied to the model with a suite ofime and to be flexible in its possible configurations, depend-
Aquaworldconfigurations. ing on the scientific question posed. Several idealised config-
urations — or even realistic continental geometry — can be set
up with such a model and many of them are presently been
5 Summary and discussion used to study a variety of processes. Here we presented two
principal geometrical configurations: a sector model built to
In this paper we have described the ICCMp1, an intermediatéeproduce the Atlantic basin conditions and a water-covered
complexity climate model based on the GFDL FMS. Com- spherical Earth. In the first case, the model was found to
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Fig. 15. Daily snapshot of some atmospheric fields for Agua- Latitude

world experiment. From top left: convectively available potential
energy (CAPE), specific humidityy} at 500 mb, outgoing long-
wave radiation (OLR), geopotential heigti) at 500 mb, relative
vorticity (¢) at 500 mb and sea level pressure (SLP).

Fig. 16. Meridional heat transports in thquaworldexperiment.
The oceanic (OHT) and atmospheric (AHT) heat transports sum
up to give a total, or planetary (PHT), transport of about 6 PW
(1 PW=10®W) in each hemisphere. The oceanic decomposition
into an eulerian and eddy-driven or bolus component is shown in
reproduce a reasonably realistic circulation in both the at-the bottom panel.
mosphere and ocean, with the latter being very similar to an
Atlantic-like climate in its control simulation. Sensitivity to ] ] ]
a set of parameter values and geometrical settings was aldi®ns such as quasi-geostrophic modesith et al.(2006
briefly discussed. andMarshall et al(2007) used idealised coupled frameworks
One purpose of using such a model is to provide a pathwa in a similar spirit.
purpos 9 pro pa Y As with any simplified framework, the model is subject to
between reality and theory because GCMs in realistic ge-_...". o . .
: L riticisms and it is also open to future improvements. Itisim-
ometries (which in turn are much less complex than the real’ . .
; ortant to understand what the model is capable of doing, and
ocean-atmosphere system) are generally too complicated l%

: T S Wwhat is not. For example, the ice-albedo-cloud feedback is
allow straightforward application of many theoretical ideas. :
) removed because of the fixed surface albedo and absence of
The presence of topography and non-regular basin shapes . . ;
o Clouds, and carbon-climate feedbacks are not possible with
for example, means that classical ideas from ocean dynamt—

. S ; he present radiation scheme. However, given its limitations,
ics are hard to apply, and the complications of clouds in the ; o .
. . . _the possible applications of the coupled model are manifold,

atmosphere make the interpretation of the effects of mois- : : ; .

e : . from local air-sea interactions to the study of climate of ex-
ture very difficult. By using simpler models we hope that the

4 . trasolar planets.

connection to theory may be made more directly, yet by us-
ing the primitive equations with all the dynamics of climate

models we avoid the oversimplications of still more idealiza-
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Finally, we believe that ICCMp1l is a powerful tool for the Gent, P. and McWilliams, J.: Isopycnal mixing in ocean circulation
study of ocean-atmosphere interactions and variability from models, J. Phys. Oceanogr., 20, 150-155, 1990.
interannual to centennial periods, with a close connection tdariffies, S.: The Gent-McWilliams skew-flux, J. Phys. Oceanogr.,
the Earth’s present day, and possibly past, climate. Also, 28, 831-841,1998. . .
ocean modellers might find useful to study the ocean and"iffies, S. M., Harrison, M. J., Pacanowski, R. C., and Rosati, A.:
sea-ice components of the climate system when coupled to A technical guide to MOM4, Tech. Rep. GFDL Ocean Group

imple, fast and yet d ically interactive atmosphere No. 5, 2004.
a simple, tast and yet dynamically interactiv p . Griffits, 5. M., Gnanadesikan. A., Dixon, K. W., Dunne, J. P.
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